Prostate magnetic resonance imaging (MRI) allows the detection and treatment planning of clinically significant cancers. However, indolent cancers, e.g., those with Gleason scores 3+3, are not readily distinguishable on MRI. Thus an image-guided biopsy is still required before proceeding with a radical treatment for aggressive tumors or considering active surveillance for indolent disease. The excision of the prostate as part of radical prostatectomy treatments provides a unique opportunity to correlate whole-mount histology slices with MRI. Through a * To whom correspondence should be addressed. E-mail: mirabela.rusu@stanford.edu careful spatial alignment of histology slices and MRI, the extent of aggressive and indolent disease can be mapped on MRI which allows one to investigate MRI-derived features that might be able to distinguish aggressive from indolent cancers. Here, we introduce a framework for the 3D spatial integration of radiology and pathology images in the prostate. Our approach, first, uses pairwise-registration methods to reconstruct the serial histology specimen prior to sectioning. Then we perform and affine and a deformable registration of corresponding histology and MRI slices that accurately align the histology images onto the T2w MRI. We tested our approach on 59 studies and found a Dice similarity coefficient of 0.97±0.008, Haussdorf distance of 2.05±0.70 mm and a urethra deviation of 3.25±1.39 mm and a landmark deviation of 2.99±0.80 mm between the histology reconstruction and the MRI. Our robust framework successfully mapped the extent of disease from histology slices on MRI and created ground truth labels for characterizing aggressive and indolent disease on MRI.
Introduction
Despite technical advancements in the diagnosis and treatment of prostate cancer, it remains the second cause of death by cancer in men. Magnetic Resonance Imaging (MRI) has a high sensitivity in detecting clinically significant prostate cancer [?] . Yet, MRI has a relatively high false positive rate and lacks the ability to conclusively identify indolent cancers, e.g., with Gleason patterns 3+3. Thereby, patients still require a systematic and a targeted biopsy procedure to confirm whether they should be on active surveillance or undergo radical treatment.
Radical prostatectomies provide a unique opportunity to correlate wholemount histology slices with MRI, via spatial alignment. Aggressive and indolent disease can be mapped on MRI which may allow the quantitative analysis of their imaging appearance. Three dimensional (3D) printed patient specific molds have been used to section the excised radical prostatectomy specimen such that the sections correspond to the Axial MRI planes [6] which facilitates per-slice 2D-2D registration. Other studies either used ex vivo imaging, fiducials [7] or texture features [1] to register the 2D wholemount histology slices and corresponding MRI images. Such data is rarely available in clinical settings or may be cumbersome to set up. Previous work by us in lung diseases [3, 5] and others in the prostate [4, 2] , has reconstructed the sequential histology slices and created a 3D volume representing the histology specimen prior to sectioning, which facilitates the spatial registration with the 3D volumetric MRI.
Here, we introduce a framework for the co-registration of histology slices and pre-operative MRI. Our approach relies on a pairwise reconstruction of histology slices. Next, we register corresponding histology and MRI slices using affine and deformable transforms. We evaluated our method in a phantom study and in 59 prostate cancer patients that underwent radical prostatectomy at our institution. Multiple metrics were measures to assess the alignment of the prostate border and of the interior anatomic landmarks. 
Methods

Notations
Data Description
Our study include 59 subjects from Stanford Hospital, under an IRB approved protocol (Table 1) . Consent was waived as this is a retrospective study. The expert radiologist outlined the prostate on MRI, while the expert pathologist outlined the prostate and the cancer on the high-resolution scanned images. Matching anatomic landmarks (N=257) were picked on both pathology and radiology images for a subset of 12 cases. Examples of anatomic landmarks include benign prostate hyperplasia nodules, ejaculatory ducts, glands. The urethra was outlined on 22 studies. Slice correspondences between the MRI and Histology were identified by an expert urologist. 
Radiology -Pathology Registration
Our approach is summarized in Figure 1 and described below:
Step 1 3D histology reconstruction: We applied pair-wise registration methods to align the sequential 2D pathology images to ensure their 3D consistency within the reconstruction. We choose I Step 2 A registration method is used to optimize the affine T Step 3 A compose transform of T 
Digital Phantom
We have developed a digital phantom to assess the quality of the alignment. We constructed the phantom by first outlining different regions, prostate, peripheral zone, cancer, and urethra in a 3D T2w MRI (Figure 2A-C) . Then, we synthesized the phantom T2 MRI by filling the segmented regions with the average intensities from the input T2 image ( Figure 2D ). Moreover, we created the pathology phantom based on the averaged histology intensities Figure 1: Summary of our approach. First, we align the serial histology slices relative to each other to reconstruct the 3D histology volume. Second, we refine the transformation of the histology slices, using the T2W MRI as fixed image. An affine and deformable registration is performed. Finally we map the extent of cancer from the histology images onto the radiology images.
within the segmented regions ( Figure 2E ). Using the T2 and pathology phantom, we can test various conditions, e.g., the effect of the initial angle on the reconstruction accuracy, the effect of sectioning, and missing tissue.
Quantitative evaluation
The quality of the radiology-pathology registration was evaluated using the Dice similarity coefficient, which assess the overlap of the prostate outlined on T2w MRI and the outline of the prostate from the histology reconstruction:
where N is the number of slices in the case, I
H,P r i
represents the slice i in the prostate segmentation on histology, while I M,P r i represents the slice i in the prostate segmentation on MRI.
Additionally, we evaluated the Hausdorff distance: 
where I H,P r represents the prostate segmentation on histology while I M,P r represents the prostate segmentation on MRI. We also evaluated the landmark distance:
where || 2 represents the Euclidean distance of the center of mass of the j landmark L Equations 1,2 and 3 were evaluated at steps 1 (Input), 3a (after affine refinement), and 3b (Deformable registration). Also, the urethra which is visible on both MRI and histology slices was used as anatomic landmark.
Results
Phantom Study: Histology Slice Rotation on Glass Slide Mounting
The histology processing after the tissue has been resected involves 1) fixing the tissue for 24-48h, 2) cutting gross sections 4mm apart from each other, 3) embed in paraffin, 4) cutting a 5µm slice, 5) mount the thin histology slice onto glass slide using a water bath to melt the paraffin, 6) stain with Hematoxylin and Eosin.
Step 5 can cause the rotation of the histology slice at any arbitrary angle. The registration procedure is meant to correct for the arbitrary angles, so we use the radiology-pathology phantom to test how well can the framework recover randomly assigned angles. Not surprisingly, our preliminary results indicated that small initial angles result in better registrations (indicated by higher dice coefficients and lower landmark deviation) while larger initial angles results in poor results (Figure 3 ).
Qualitative Results
The framework was applied to co-register the whole-mount histology slices and T2w MRI in our radical prostatectomy cohort. Figure 4 show the qualitative results for a subject with two cancer foci that showed a Dice Coefficient of 0.97 and a urethra deviation of 1.87 mm (˜5 pixels). The qualitative and quantitative evaluation suggest that a good alignment was obtained for this subject. The accurate registration allows us to map the extent of an high grade (Gleason group 3) cancer (right patient side) as well as an low-grade cancer (Gleason Group 2, left patient side). Although the high-grade cancer is visible on MRI, its MRI visible borders are smaller than the histology projected lesion, confirming previous work that showed that MRI underestimate the tumor size. The fusion allowed to also map the low grade cancer which is not readily visible on MRI. 
Quantitative Results
An improvement in the alignment of the histologic reconstruction and the T2w MRI can be observed across the different steps of our framework (Figure 5) . A statistically significant difference in Dice coefficient was found between the first steps of our framework (1b, 1d, 2a) compared to the final deformable registration step (0.94±0.02, t-test p-value was considerate to be statistically significant for α < 0.05 after Bonferroni's multiple comparison correction). A small non-statistical decrease in urethra deviation and reduction in standard deviation was observed between the (2a) affine (1.18±0.58 mm) and (2b) deformable registration (1.11±0.34 mm) steps ( Figure 5 ). Such small reduction may be attributed to the challenge in outlining the urethra on T2w MRI, especially by the base of the prostate. Our study shows that the registration of ex vivo pathology images and in vivo radiology exams can be performed accurately with landmark deviations within 1-2 mm and region overlaps as high as 95%. Figure 4 summarizes our 59-patient prostate study, in which improvements in alignment between histology and radiology images are indicated by the better dice and lower landmark deviation ( Figure 5 ) following affine and deformable registration.
Conclusion
Our radiology-pathology fusion framework allowed the alignment of histology slices and pre-surgical MRI, enabling the mapping of the labels from histology slices onto MRI. The reconstruction of the 3D histology specimen via pairwise registration followed by an affine and deformable registration to the T2w MRI ensured a robust alignment of the histology and MRI. Such ground truth labels may allow for a detailed radiomics analysis of the imaging features that distinguish benign conditions from indolent and aggressive prostate cancers. Future studies will include a larger number of patients and multiple readers for the radiology and pathology data.
